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I. INTRODUCTION 
 
An aircraft main engine fuel pump is coupled 
directly to the main engine drive shaft via a gear 
box.  As such the pump’s speed is proportional to 
the engine speed. 
An aircraft requires the most fuel at take off.  
This is when the engine is running at its slowest 
due to the dense atmosphere at ground level. 
In the thin atmosphere at altitude, the engine 
runs faster, and via the gear box the fuel pump  
runs faster, delivering more fuel.  However less 
fuel is required than at take off.  The excess fuel 
is diverted back to the fuel tank, an inefficient, 
but reliable arrangement. 
Much work is being done in the aerospace 
industry to convert the various aircraft 
mechanical, hydraulic and pneumatic power 
systems to one globally optimised electrical 
system. 
 The main engine gear box that drives the 
pump can be replaced with an electric motor and 
drive.  The drive, linked to an engine 
management system, can control the speed of the 
fuel pump to deliver the correct amount of fuel 
required during the various stages of the flight 
cycle. 
 
II. A 16KW FAULT TOLERANT ELECTRIC 
FUEL PUMP 
 
Aerospace systems must achieve a high level 
of reliability. Standard electrical machines have 
an unacceptable failure rate, so a fault tolerant 
topology has been developed [1-5] which will 
exceed the required level of reliability. 
 
A 16kW 15,000 revs/min main engine electric 
fuel pump drive was developed built and tested 
[6].  The stator consists of four isolated phases 
which give electrical, thermal and magnetic 
isolation. 
  Fuel flows through the air-gap and slots 
providing an efficient coolant, this allows the 
machine to operate with a high electrical loading.  
A six pole samarium cobalt permanent magnet 
rotor gives the machine a high magnetic loading. 
A series of no-load and full load tests were 
carried out on the machine using the dynamometer 
test rig in figure 1.  By measuring the internal 
temperatures and the temperature rise in the oil 
coolant, no-load, winding and rotor eddy current 
loss was measured.  The machine was then tested 
whilst mated to its fuel pump.  Aviation fuel was 
successfully pumped under normal and faulted 
conditions with the machine running at16kW and 
15,000 revs/min.  
 
 
Figure 1.  High speed, oil cooled, 16kW fault tolerant machine and load rig.  
 
III. A 100KW FAULT TOLERANT ELECTRIC 
FUEL PUMP 
 
Attention now turns to a more powerful 
version of the electrical fuel pump aimed toward 
a medium sized passenger aircraft.  Trade studies 
have identified a power level of 100kW at 
20,000rpm.  The initial design of this system was 
based around the tried and tested 16kW fault 
tolerant motor. 
Output torque is proportional to electrical 
loading, magnetic loading and machine volume.  
By maintaining loadings as used for the 16kW 
machine, the increase in torque required at 
100kW and  20,000 revs/min is achieved by 
increasing the volume of the original 16kW 
machine.  Figure 2 is a scale cross section of the 
16kW and 100kW machines. 
 
Figure 2.  16kW and 100kW machine cross sections to scale 
 
No-load, winding and rotor loss was calculated 
for the 16kW machine and verified against a 
series of test results performed at full speed and 
load.  Using the same methods electromagnetic 
loss for the 100kW machine was calculated.  A 
comparison between the calculated loss for the 
16kW and 100kW machines is shown in table 1.  
 
Table I. CALCULATED LOSSES FOR THE 16KW AND 
100KW MACHINES AT FULL SPEED AND 
POWER. 
Loss 
Mechanism 
Loss as a percentage of output power 
16kW machine 100kW machine 
Full-load rotor loss 1.6% 7.9% 
No-load losses 1.9% 5.9% 
Full load winding loss 3.4% 4.4% 
Total machine loss 6.9% 18.3% 
 
Increasing the size, output power and speed of 
the fault tolerant machine has increased total loss 
as a percentage of output power from 6.9% to 
18.3%.  The balance of loss has also changed 
with rotor eddy current loss becoming the 
dominant loss mechanism, contributing 43% of 
total loss. 
 
IV. REDUCING ROTOR EDDY CURRENT 
LOSS 
 
For the 100kW machine, rotor eddy current loss 
induced by the non-synchronous air-gap harmonics 
amounts to 43% of total electromagnetic loss.  
This is not only a significant change in the balance 
of loss when compared to the 16kw machine, but 
also a significant increase in loss when compared 
to output power, 1.6% for the 16kW machine 
compared to 7.9% for the 100kW machine. 
Rotor eddy current loss is significant for two 
reasons:  
1. Non-overlapping windings provide electrical, 
magnetic and thermal isolation.  This winding 
arrangement results in a square wave air-gap 
MMF profile and consequently a high 
harmonic content. 
2. The rotor consists of Samarium Cobalt 
magnets and a steel retaining sleeve, both of 
which are electrical conductors. 
On calculating the air-gap harmonic spectrum, 
figure 3, it is clear that significant rotor eddy 
currents will result as the non-synchronous 
harmonics have a magnitude comparable to the 
synchronous, torque producing 3
rd
 (six-pole) 
harmonic.  In the case of the loss inducing 5
th
 (ten-
pole) harmonic, this is 98% of the torque 
producing 3
rd
 harmonic. 
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Figure 3.  100kW machine air-gap harmonic spectrum. 
 
 
Two-dimension Finite Element methods are 
used to calculate eddy current loss due to each 
harmonic.  As hinted by the air-gap spectrum, 
significant loss results from the 5
th
 harmonic.  
Figure 4 illustrates rotor eddy current loss for the 
first 25 harmonics. 
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Figure 4.  Rotor eddy current loss for each harmonic. 
 
60% of rotor eddy current loss is due to the 5
th
 
harmonic, therefore initial efforts to reduce rotor 
eddy current loss have concentrated on reducing 
loss due to this harmonic. 
The original 16kW machine and its 100kW 
counterpart have a stator with four wound teeth 
each separated by a spacer tooth.  The wound and 
spacer tooth span is equal, 45 mechanical degrees 
between adjacent slot openings.  Increasing the 
wound tooth span to 72° whilst decreasing the 
spacer tooth span will completely eliminate the 
majority loss inducing 5
th
 harmonic, however 
such a design is not feasible as the width of the 
spacer tooth becomes too narrow.  Figure 5 shows 
a good compromise where the wound tooth span 
is 60°, maximising the torque producing 3
rd
 
harmonic whilst reducing the magnitude of the 5
th
 
harmonic by 46%. 
 
Figure 5.  Stator with a 60° wound tooth span. 
 
Whilst not as significant as rotor eddy current 
loss due to the 5
th
 harmonic, the high order 
harmonics contribute 1.2kW of rotor eddy current 
loss.  Reductions to this are made by increasing 
the air-gap size.  In doing this the depth to which 
the high order harmonics penetrate into the rotor 
is reduced, as shown in figure 6.  Increasing the 
air-gap from 0.4mm to 4.6mm reduces rotor eddy 
current loss due to the high order harmonics to 
65W.   
 
 
 
Figure 6.  30 pole field with a small and large air-gap. 
 
2DFE calculations show that the 60% of rotor 
eddy current loss occurs in the magnets.  As rare 
earth magnets are susceptible to de-magnetisation 
at high temperatures it is preferable to reduce the 
losses within the magnets. 
A high conductivity sleeve shields the magnets 
from the low order harmonics.  Figure 7a shows 
the 5
th
 harmonic (ten-pole field) in the presence of 
a low conductivity steel sleeve.  When replaced 
with a high conductivity sleeve, figure 7b, the 
eddy currents in the sleeve are much stronger and 
create a skin which greatly reduces the depth to 
which the ten-pole field can penetrate into the 
magnets.  Eddy current loss in the magnets drops 
from 60% to only 10% of total rotor eddy current 
loss.  The total amount of rotor eddy current loss 
remains the same, however this loss occurs on the 
outer 1.6mm of the rotor, the very area in contact 
with the fuel acting as a coolant.  Consequently a 
high conductivity sleeve will aid the cooling of the 
machine. 
 
 
Figure 7a (left) 5th harmonic (10 pole field) in the presence of a steel sleeve. 
Figure 7b (right) 5th harmonic (10 pole field) in the presence of a high 
conductivity  sleeve. 
 
Table 2 summarises the reduction in rotor eddy 
current loss achieved by adopting these changes on 
a harmonic by harmonic basis.  As shown, total 
rotor eddy current loss is reduced by 24%.  This 
machine is now under construction. 
  
Table II. ROTOR EDDY CURRENT LOSS IN THE 
ORIGINAL AND NEW 100KW MACHINE 
 
Air-gap  
harmonic 
Original design 
Loss (W) 
Final design 
Loss (W) 
2 pole 1623 4499 
10 pole 4742 869 
14 pole 91 57 
18 pole 272 494 
22+ pole 1171 65 
Total 7898 5984 
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